GROUND motion characteristics of an earthquake are essential to understand the hazards posed by the event. The near-field features of ground motion could be understood better if an array of strong motion network is present in the region. In the absence of such recorded data, one has to resort to analytical, numerical and/or empirical techniques to estimate the synthetic data of the ground motions. In the present study, a model has been developed to simulate ground motions for earthquakes in the Sumatran region. This study is of particular importance in this region, as it possesses very high seismicity due to the active subduction of the Indo-Australian plate beneath the Burma Plate. Based on earthquake recurrence parameters, Pailoplee and Choowong 1 showed the potential for a large thrust earthquake in the region. Further, based on Global Positioning System (GPS) measurements, Ortiz and Bilham 2 have reported that the return period for the great earthquake in region could be 114-200 years. One of the great earthquakes that occurred in the recent past in the region is the devastating (M w 9.1) 2004 Sumatra earthquake. This earthquake and the subsequent tsunami led to a heavy loss to both life and property. According to the report of Asian Disaster Preparedness Center (ADPC), the event affected 10 countries causing a global death toll of 0.22 million people. The event also led to a major economic loss of US$ 9.9 billion in Asia. The estimated cost of reconstruction amounted to at least US$ 7.5 billion. Following this earthquake, many researchers have worked on various aspects like the rupture process [3] [4] [5] , modelling tsunami wave characteristics [6] [7] [8] , deterministic hazards and vulnerability assessment due to the tsunami generated from the region 9, 10 , etc. With regard to ground motion simulation, Sørensen 11 employed a hybrid method to simulate peak ground acceleration and peak ground velocity contours. However, the use of onedimensional velocity model to represent medium and single earthquake source characteristics considered for the particular study raises concern regarding the reliability of the estimated ground motion data. Further, for modelling of the tsunami waves, the ground displacements are the essential boundary conditions. In general, the tsunami simulation for this event is performed based on static displacements 12 estimated from analytical methods, e.g. Okada 13 . These analytical techniques which consider the medium as elastic half space do not account for material nonlinearity and sphericity of the earth. In addition, it should be noted that the dynamic characteristics of the ground displacement time histories should also be considered for the simulation of tsunami waves 14 . It is known that great earthquakes rupture large areas of a region (2004 Sumatra earthquake ruptured ~1100 km of fault length). Hence, one has to resort to a numerical technique that can handle geometrical complexities like topography, bathymetry and sphericity of the earth better than methods based on layered elastic half space. With numerous advancements in the simulation techniques, it is still a challenge to develop realistic ground motions due to the uncertainties in source and medium characteristics of the region. Hence it is a common practice to validate ground motions generated for an event using the model developed with data available in seismic networks for that event. One such network in India is at the Indira Gandhi Centre for Atomic Research (IGCAR), Kalpakkam, which got commissioned in 2008. Thus it would be relevant to develop a model to simulate ground motion for the region, that is validated with data available in the IGCAR network.
In this article, the possible ground displacement time histories are simulated using spectral finite element method (SPECFEM). The SPECFEM models were earlier developed for Gujarat 15 , Delhi 16 , Nepal 17 and other regions. A similar method is adapted to model the South Asian region to simulate displacement time histories for earthquakes in the region. The developed model is validated with data available from the IGCAR database for the great (M w 8.6) 2012 Sumatra earthquake. In view of the favourable comparison, the model can be further used to simulate ground motions for the region. The model is further employed to determine the ground motion characteristics of the 2004 Sumatra earthquake for various slip distributions available in the global database. The ground motions in the epicentral region for this event are represented in terms of peak ground displacement (PGD) and ground residual displacement (GRD) contour maps, which are respectively the contours of maximum and final value of time histories simulated at various stations on a grid in the region. The sensitivity of the source model is analysed by comparing the ground motion time histories for near source stations like Port Blair, Neil Island, and Nicobar Island and for distant source stations like Chennai, Vizag, Pondicherry, Kanyakumari, etc.
Tectonic settings
The tectonic setting in the northeastern part of the Indian Ocean is complex compared to other regions of India. Seismicity along with fault lines identified in the region is shown in Figure 1 . This region is a subduction-zone with Indo-Australian Plate submerging into the Eurasian Plate. This subduction resulted in the formation of a deep trench, a back-arc island and basins and a spreading centre (Andaman Sea Ridge (ASR)) 18 . Several thrust and strike-slip faults are developed in the region due to this particular tectonic setting. Further, the Andaman-Sumatra region comes under the zone of high seismic hazard (Zone V) according to IS 1893: 2002 (ref. 19 ). The slip rate in the Sumatran fault system is about 11-28 mm/year (ref. 20) . Based on GPS measurements, the convergence rate at certain parts of the Sunda arc region ranges to a maximum of 6-6.5 cm/year (ref. 21 ). This convergence rate decreases northwards as the azimuth of the trench becomes almost parallel to the direction of movement of the Indian Plate, thus resulting in strike-slip faults. In the historic and recent past, the region experienced several earthquakes of moderate-to-large magnitude 22 were large enough to cause tsunami-like waves in the Indian Ocean 23 . The recurrence parameter calculation with respect to fractal dimension in the region shows the potential for a large thrust earthquake in the region 1 .
Ground motion database
The data from seismic networks can be used to interpret the regional characteristics of an earthquake. In India, two such networks commissioned are the PESMOS, which mostly spread over the seismically active Himalayan belt and that present at IGCAR. In the present study, the data from IGCAR network is used as it is relatively nearer to the Sumatran region. Kavitha and Raghukanth 24 used 13 local event data from this network to develop and calibrate the stochastic seismological model. This is then used to formulate the ground motion prediction equation for the east coastal region of India. In the present study, the data available in the network for the 2012 (M w 8.6) Sumatra earthquake is used for validation of the model. This being a great event in the Sumatran region, leads to better data-quality at the recording stations and hence could be used reliably for validation.
Methodology
The ground displacements in the near-field will be strongly influenced by the source and the medium characteristics. In the present study, ground displacement time histories are simulated using Spectral Element Method (SEM). SEM was initially developed for computational fluid dynamics 25 . Later this method was applied for problems related to 2D and 3D seismic wave propagation 26 , subsequently the method was extended to model the global seismic wave propagation 27, 28 . One advantage of this method is the ease of implementation of free surface topography and lateral variation in material properties. It is also established that, given the input rupture details and medium properties, SPECFEM is capable of simulating near-field ground motion 17 . Here, the earth interior is broadly divided into crust, mantle, core and inner core. In the SPECFEM, the methodology governing equations is formulated for each of this region in the spherical domain according to the material characteristics of the region. Further, the boundary conditions like stress-free boundary at the surface and stress continuity at the interfaces of regions are imposed on the model. Then the weak form of the governing equation of each region is formulated by taking the dot product of the governing equation with an arbitrary vector w and imposing boundary conditions, which is the higher order variational method. In SPECFEM, as shown in Figure 3 , the region considered is first discretized into nonoverlapping hexahedral volume elements. Then, using classical Jacobian matrix, each element is mapped to a reference cube. Lagrange interpolants is assumed to represent the displacement field in each element. Unlike the traditional finite element method, high-degree Lagrange interpolant is used to represent the basic functions for displacement field on the element in SPECFEM. The control points needed to define polynomial of order n is (n + 1) 3 , i.e. Gauss-Lobatto-Legendre (GLL) points for each element in the mesh. In the hexahedral volume element, all basic functions for displacement field u are interpolated by triple products of Lagrange polynomials of degree n at these GLL points. The numerical integration of volume elements is approximated using GLL quadrature integration rule. GLL quadrature is exact for polynomials up to a degree (2n -1). Once the discretization of all the three regions in the Earth's interior is completed, the global system of equations to be solved by assembling contributions from individual elements can be written as 28 ,
where u is the global displacement vector along the three global degrees of freedom, i.e. North-South, East-West and vertical directions, M and K are the global mass matrix and global stiffness matrix respectively, C contains terms related to angular rotation vector, B is related to the region boundary interactions and -F is the source term. The M, K, C, B and F matrix formulated from the integration weak form solutions at the elemental level and then assemble it in the global level. In the presence of ocean layer, the mass matrix, M is replaced by M + m, where m is the load from ocean layer. The advantage of the variational method along with Lagrange polynomial in conjunction with GLL quadrature is that it renders mass matrix diagonal, thus reducing the computational cost. The explicit expressions for M, C, K, B and F matrices at the elemental level and further construction of these matrices at the global level are available in the literature [26] [27] [28] . An explicit second order Finite Difference (FD) method, in general, known as Newmark scheme, is used to march the eq. (1) in time. This FD scheme is only conditionally stable.
The ground displacement time histories for the given event can be performed using both 3D regional and global algorithms. In the present study, since the earthquake rupture length is high (~1700 km), global spectral element algorithm, which accounts for the spherical geometry of the earth is utilized. The SPECFEM 3D Globe package has a set of FORTRAN subroutines to simulate the three-dimensional wave propagation for an earthquake event. In this model, the effects due to lateral variations in p-wave velocity, s-wave velocity, thickness of the crust, density, ellipticity, topography and bathymetry are included. In the present study, the simulation was performed by implementing the package in IBM System  iDataPlex dx360 M4 highly optimized servers with 2X Intel E5-2670 8C 2.6 GHz processor. Parallel programing based on message-passing interface (MPI) was used for executing the simulations. The simulation can be performed by mapping the entire globe onto a sphere divided into six chunks using 'cubed sphere' or using only one chunk covering the region under consideration. In this study, only one chunk covering the region as shown in Figure 3 was considered. For the medium, the 3D velocity model available for mantle and crust was used 29 . The 5-min topography and bathymetry (ETOPO5) from the global database (http://www.ngdc.noaa.gov/) was used to model the free surface topology. For the south Asian region, latitude 6N and longitude 87E is taken as the centre of the chunk. The chunk extends to an angular width of 30  30. The surface other than the top of the chunk is provided with absorbing boundary conditions to avoid reflection of waves from these surfaces. The chunk is further subdivided into 16 slices in each direction on the surface. Each slice constitutes of 32  32 spectral element at its surface. Thus, the number of spectral elements in one chunk mesh is 13 million. Each spectral element consists of 125 grid points. Thus the entire chunk mesh is represented with a total of 872 million grid points with an average distance of ~4.88 km between grid points. The total number of degrees of freedom in the entire mesh is 2.4 billion. A total of 256 processors is used to handle the entire mesh considered for the region. It took approximately 30 min for the mesh generation. For source, the Centroid Moment Tensor (CMT) solutions for the slip models are used as finite source. The simulated displacements from the model are valid up to the shortest period of 14 sec. It requires almost 48 h to run the solver once.
Validation
The SPECFEM model considered for the region needs to be first validated with the recorded data. Thus, ground motions simulated using the SPECFEM model used in the present study is compared with recordings available at IGCAR network for 2012 Sumatra earthquake (M w 8.6). The slip distribution for this event developed by Wei 30 is considered to represent the source in the model. This slip distribution is shown in Figure 4 . Wei 30 derived this model by inversion of the Global Seismic Network (GSN) broadband data from IRIS-Data Management Center. This particular distribution is arrived at by analysing 31 teleseismic P waveforms selected based on data quality and azimuthal distribution 30 . The details of the slip distribution so obtained are summarized in Table 1 . It can be noted that the rupture process for the particular event is mainly strike-slip with rake angle 1. The rupture plane is discretized by subfaults of size 12  5 km on a surface of length 384 km along the strike angle (the angle that the fault plain makes with north direction) of 20 and width 60 km along the dip angle (the angle that the fault plain makes with respect to horizontal surface) of 64. The ground motion simulated with this slip distribution as input at the six stations in the IGCAR network along with the recorded data is shown in Figure 5 . It is noted that the P wave arrival and subsequent peaks of the simulated data match with the recorded data. The maximum amplitudes and phase for EW, NS and Z directions of simulated data also matched with recorded data. The slight variations between data might be due to the noise encountered in the instrument while recording the ground motions. The favourable comparison from the plot indicates that the SPECFEM model considered can be applied to get a realistic estimate of ground motion during an event in the region. Hence the same model with the source characteristics defined in the global database for 2004 Sumatra earthquake (M w 9.1) is used to estimate the ground motion at various stations due to this event. The results obtained can also be used to get an estimate of the sensitivity of ground motion on different slip models for a great earthquake as explained further.
Source models for the 2004 Sumatra earthquake
The SPECFEM model is now employed to simulate ground motions for 2004 Sumatra earthquake. The three input slip models available in the global database for the 2004 Sumatra earthquake are summarized in Table 2 and is depicted in Figure 6 . Ammon et al. 3 developed the slip distribution considering the teleseismic body waves (20-200 s) , intermediate-period three-component regional seismograms (50-500 s) and long period teleseismic seismograms (250-2000 s). The rupture surface so obtained is in three segments (Figure 6 a) . The hypocentre of this slip distribution lies in the first segment at a distance of 70 km along strike and 168 km along the dip direction respectively. The maximum slip is reported as 11.5 m. The second model considered in the present study is that reported by Ji 4 which was developed using 15 teleseismic P waveforms and 13 shear waveforms selected from GSN broadband data of IRIS-Data Management Center. This slip model (Figure 6 b) , with epicentre at 3.30N, 95.78E and 35 km depth, has a single rupture plain of length of 450 km along strike angle of 320 and 180 km along dip angle of 11. The fault plane is discretized into 450 subfaults of dimension 15  12 km, with maximum slip in measuring to be 20 m. The third model considered here is by Rhie et al. 5 obtained by using leastsquare inversion algorithm on data recorded in 10 IRIS and GEOSCOPE stations with an epicentral range of 43.6-65.2. An average rupture velocity of 2.5 km/s is considered. The slip is distributed into six segments with varying dip and strike angles as shown in Figure 6 c and summarized in Table 2 . The maximum slip is reported as 35 m. The sensitivity of these slip models is analysed by simulating and comparing the ground motions at various stations as explained further.
Simulated ground displacements for 2004 Sumatra earthquake
The SPECFEM model in the present study is used to simulate ground time histories for a length of 30 min owing to the large rupture time of the slip models. These time histories simulated at various stations for the slip models considered for the study are shown in Figure 7 . It is evident that the variation of ground motion for different slip models considered is more for the stations in near-field when compared to that at the far field. For the time histories of the near field stations represented in Figure 7 a the maximum amplitude varies from 0.25 to 1 m between different slip models. Considerable difference was observed in the ground motion pattern between the slip models in the near-field, though the arrival time is observed to be the same. The orders of permanent ground displacement at the stations are also observed to be differing with slip models. On the other hand, the amplitudes of displacement time histories are observed to be in the same order for the station in the far-field (Figure  7 b) . But, the phase and arrival times varied with slip models for stations in the far-field. This highlights the influence of the slip model on both near and far field stations. The huge rupture length and the associated energy of the great earthquake considered in this study might be the reason for such a pattern.
The spatial variability of ground motion pattern near the epicentral region is demonstrated through contour maps in terms of PGD and GRD. For this purpose, the displacement field is calculated at a spacing of 6.6 km covering a region of dimension 660  1650 km around the fault (91-97E, 0-15N) . The PGD and GRD contours for different slip models (Figures 8 and 9 respectively) indicate that the maximum displacement is observed near the region of maximum slip of each slip model. The distribution of the low-frequency ground displacement and the radiation pattern is observed to be in conjunction with the respective slip distribution. The PGD obtained from various slip models in horizontal and vertical direction vary between 14-22 m and 7-16 m respectively. From the GRD contours shown in Figure 9 , it is clear that the ground is permanently displaced both vertically up and towards south west directions after the rupture process. The maximum permanent ground displacement ranges between 6-17, 4-17 and 2-8 m respectively for East-West, North-South and vertical direction between each slip distribution considered. This amplitude and the dynamic characteristic of the ground displacement on ocean bed displaces huge amount of water, which then results in triggering the tsunami wave propagation.
Summary and conclusion
The present study focuses on proposing a model to simulate ground motions for earthquakes in Sumatran region. The model is based on spectral finite element method. The model developed for the region is first validated with the recorded data available in IGCAR network for the 2012 (M w 8.6) Sumatra earthquake. The favourable comparison of the model showed that it can be used to simulate reliable ground motions for the 2004 (M w 9.1) Sumatra earthquake. The simulations for 2004 Sumatra earthquake are performed with three different slip distributions available in the global database. This highlights the sensitivity of ground motion to the slip distribution. Thus, for the near field stations, the variation is observed in the order of 0.75 m whereas for far-field stations the corresponding difference is negligible. Permanent ground displacement is also observed for stations in the near field. The spatial distribution of the ground displacement near the epicentral region in terms of PGD and GRD also emphasizes on the effect of the slip distribution on ground displacement. The variations with respect to slip models on the ground motion point to the uncertainty associated with source characterization. The model proposed in this study can be further used to simulate ground motions for various earthquakes in the region. The estimated ground motions can be used in various fields like the design of structures, estimation of tsunami generation potential and hazard analysis.
